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7KH SUREDELOLW\ DQG DSSURSULDWH SURFHVVLQJ SDUDPHWHUV RI IULFWLRQ ZHOGLQJ PHWKRG RI FRPPHUFLDOO\ SXUH WLWDQLXP WR D /
VWDLQOHVV VWHHOZLWKDQHOHFWURSODWHGQLFNHO LQWHUOD\HUKDYHEHHQ LQYHVWLJDWHG7KHPLFURVWUXFWXUHRI WKHZHOGHG MRLQWVKDVEHHQ
REVHUYHGE\RSWLFDOPLFURVFRS\VFDQQLQJHOHFWURQPLFURVFRS\DQG HQHUJ\GLVSHUVLYH;UD\VSHFWURVFRS\DQGWKHPDLQIDFWRUV
DIIHFWLQJIULFWLRQZHOGLQJSURFHVVZHUH DQDO\VHG0HWDOORJUDSKLFDQDO\VLVUHYHDOHGWKDWDJRRGERQGLQJZDVREWDLQHGDWERWKWKH
WLWDQLXPQLFNHODQGQLFNHOVWDLQOHVV VWHHO LQWHUIDFHVDQG WKHGLIIXVLRQSURGXFWVZHUH LGHQWLILHG LQ WKHZHOG]RQH7KHHIIHFWRI
IULFWLRQ WLPH DQG IRUJLQJ SUHVVXUH RQPHWDOOXUJLFDO DQGPHFKDQLFDO SURSHUWLHV ZHUH HYDOXDWHG 7KH UHVXOWV VKRZHG WKDW DWRP
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WKH MRLQLQJ LQWHUIDFHVGHPRQVWUDWHG WKHHIIHFWRIVROLGVROXWLRQKDUGHQLQJLQWKHZHOG]RQH7KH WHQVLOHVWUHQJWK LQFUHDVHGZLWK
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 ,QWURGXFWLRQ
,Q UHFHQW \HDUV GLVVLPLODU PHWDOV MRLQLQJ SOD\V D FULWLFDO UROH LQ DGYDQFHG PDQXIDFWXULQJ WHFKQRORJ\ VLQFH
GLIIHUHQW SURSHUWLHV DUH HVVHQWLDOZLWK LQ DQ\ SUHFLVH DSSOLFDWLRQ WKH SURSHUWLHV RI ZKLFK FDQQRW EH DWWDLQHG E\ D
VROLWDU\ PDWHULDO 7KH FRPELQDWLRQV RI GLVVLPLODU PDWHULDO MRLQWV DUH HPSOR\HG LQ VHYHUDO LQGXVWULDO DSSOLFDWLRQV
SDUWLFXODUO\ LQ WKH FKHPLFDO DHURVSDFH DQG QXFOHDU LQGXVWULHV <DQELQ HW DO  'LVVLPLODU PDWHULDOV YLD
PDJQHVLXPWRDOXPLQLXPDQGLWVDOOR\VDUH HPSOR\HGLQPDQ\LQGXVWULHVVLQFHWKH\DUHOLJKWZHLJKWGXHWR WKDW WKH\
DUHDFKLHYHGDJUHDWLPSRUWDQFHDVDVWUXFWXUDOPDWHULDOV ZLWK H[FHOOHQW SHUIRUPDQFHDQG KLJKHIILFLHQF\6WHHOVDUH
RQHRIWKHUHOLDEOHKLJKVWUHQJWKDQGFRVWHIILFLHQF\VWUXFWXUDOPDWHULDOV +HQFH LWLVQHFHVVDU\WRGHYHORSGLVVLPLODU
ZHOGLQJ SURFHVVHV WR MRLQ DOXPLQLXP RU PDJQHVLXP WR VWUXFWXUDO VWHHOV 7KH OLWHUDWXUH UHSRUWHG RQ MRLQLQJ RI
GLVVLPLODUPDWHULDOVVXFKDVDOXPLQLXPDQGLWVDOOR\VWRVWHHOVEXWWKHUHDUHYHU\IHZVWXGLHVDUHUHSRUWHGEHWZHHQ
WLWDQLXPDQGVWHHOVGLVVLPLODUMRLQWV 7LWDQLXPDQGLWVDOOR\VKDYHKLJKVSHFLILFVWUHQJWKDQGWRXJKQHVVKLJKPHOWLQJ
SRLQWH[FHOOHQWFRUURVLRQUHVLVWDQFHDQGORZ GHQVLW\ WKXV WKH\KDYHEHHQZLGHO\XVHGLQSHWURFKHPLFDOFU\RJHQLF
DQGDHURVSDFHLQGXVWULHV 0XUDOLPRKDQHW DO RU)XMLHWDO +RZHYHUZLWKLQFUHDVHGXVHRIWLWDQLXP
DQGLWVDOOR\VDUHFRQILQHGE\WKHLUKLJKHUSULFH )RULQVWDQFHDUHVXOWRIWKLVLWLVQHFHVVDU\SURGXFHMRLQWVEHWZHHQ
WLWDQLXPDOOR\V DQG VWUXFWXUDOVWHHOV
7KH MRLQLQJ RI WLWDQLXP WR VWHHOV E\ XVLQJ FRQYHQWLRQDO IXVLRQ ZHOGLQJ WHFKQLTXHV LV UHVXOWHG LQ PDMRU
PHWDOOXUJLFDO SUREOHPV $W WKH ZHOG LQWHUIDFH 7L DQG )H DUH QRW FRPSOHWHO\ VROXEOH LQ VROLG VWDWH GXH WKDW WKH
IRUPDWLRQVRIEULWWOHLQWHUPHWDOOLFFRPSRXQGVOLNH)H7LDQG)H7LVWUHVVFRQFHQWUDWLRQDQG VHJUHJDWLRQRIFKHPLFDO
VSHFLHV+HHWDO 6XQHWDOVWXGLHGRQGLVVLPLODUPHWDOMRLQWVE\FRQYHQWLRQDODUFZHOGLQJSURFHVVHV
UHSRUWHGWKDWWKHMRLQWVEHWZHHQ7LDQG6WHHOVXQVXFFHVVIXOGXHWRLQYROYHLQPHOWLQJ RI EDVHPDWHULDOV 7KHPHOWLQJ
DQGVROLGLILFDWLRQRI WKHEDVHPDWHULDOVDUHFRQVHTXHQFHV LQGLVWRUWLRQ RQ ZHOG VKDSHVDQGHIIHFWRIFRHIILFLHQWRI
OLQHDU H[SDQVLRQ IRU JHQHUDWLRQ RI VWUDLQ DW ZHOG LQWHUIDFH 7KXV VROLG VWDWH ZHOGLQJ SURFHVVHV VXFK DV GLIIXVLRQ
ERQGLQJ *KRVKHWDOH[SORVLYHZHOGLQJ 0RXVDYLHWDOIULFWLRQVWLUZHOGLQJ)D]HOHWDO DQG
IULFWLRQ ZHOGLQJ )XWDPDWD HW DO  KDYH WKH ORZHU MRLQLQJ WHPSHUDWXUHV DQG WKDW PLQLPL]H WKH H[WHQW RI
LQWHUPL[LQJ DUH JHQHUDOO\ XVHG IRU MRLQLQJ VWHHOV WR WLWDQLXP DQG PDQ\ VXFK GLVVLPLODU PHWDO FRPELQDWLRQV
6KDQPXJDUDMDQHWDO DQG :DQJHWDO  UHSRUWHGWKDWWKHKLJKHQHUJ\EHDPZHOGLQJSURFHVVHVVXFKDV
ODVHUEHDPZHOGLQJDQGHOHFWURQEHDPZHOGLQJ DUH UHGXFLQJ WKHHIIHFWRI WHPSHUDWXUHDQGGHIHDWLQJ WKHPL[HURI
HDFK PDWHULDO UHVSHFWLYHO\ $PRQJ WKH MRLQWV SURGXFHG E\ VROLG VWDWH ZHOGLQJ SURFHVVHV DQG KLJK HQHUJ\ EHDP
ZHOGLQJSURFHVVHV IULFWLRQZHOGLQJMRLQWVZHUHIRXQGWRKDYHWKHHIILFLHQWDQG KLJKHVWWHQVLOHVWUHQJWK 0XGDOLHWDO

7KH FRQWLQXRXV GULYH IULFWLRQ ZHOGLQJ PHWKRG LV D VROLG VWDWH ZHOGLQJ SURFHVV ZKLFK WKH UHTXLUHG KHDW LV
JHQHUDWHG E\ PHFKDQLFDO IULFWLRQ WR SURGXFH D KLJK TXDOLW\ ZHOGV FRQFHUQLQJ VLPLODU RU GLVVLPLODU  PDWHULDOV
)ULFWLRQ ZHOGLQJ SURFHVVHV LPSURYHV WKH LPSRUWDQFH RI DOO NLQG HTXLSPHQWV FUHDWLQJ LW DWWUDFWLYH IRU YDULRXV
LQGXVWULDO DSSOLFDWLRQV 7KH WHPSHUDWXUH JHQHUDWHG DPRQJVW WKH WZR VDPSOHV LQ FRQWDFW PDNHV D FRQGLWLRQ IRU
GHYHORSLQJ D KLJK UHOLDEOH IULFWLRQ ZHOGV 5RWKNLUFK HW DO  7KH DGYDQWDJHV RI IULFWLRQ ZHOGV DUH ZHOGLQJ
WHPSHUDWXUHLVEHORZWKHPHOWLQJSRLQWRIWKHEDVHPDWHULDOV 7KHRWKHUSURSHUWLHVVXFKDVSK\VLFDODQGPHWDOOXUJLFDO
SURSHUWLHV ZLOO QRW EH GHWHULRUDWLQJ DV OLNH LQ IXVLRQ ZHOGLQJ PHWKRGV GXH WR WKH DEVHQFH RI ILOOHU PHWDOV DQG
VKLHOGLQJJDVHV 7KHVXEPHOWLQJWHPSHUDWXUHVDQGVKRUWZHOGWLPHVDUHUHVXOWHGLQVXSHULRUTXDOLW\ DZHOGVZKLFK
PDNHV IULFWLRQ ZHOGLQJ DQ LQFUHGLEOH PHWKRG IRU LQGXVWULDO PDVV SURGXFWLRQ RI VHYHUDO FRPELQDWLRQV RI ZRUN
PDWHULDOV WR EH MRLQHG )XML HW DO  )ULFWLRQZHOGLQJ SURFHVVHV DUHPRVW HFRQRPLFDOPDWHULDOV VDYLQJ DQG
DELOLW\WRKLJKUHSURGXFLELOLW\DQGPRUHRYHULWLVDQHQYLURQPHQWDOO\FOHDQDQGORZHQHUJ\LQSXW
7KHPRVW LPSRUWDQWSDUDPHWHUV LQ IULFWLRQZHOGLQJDUHIRUJLQJSUHVVXUH IULFWLRQSUHVVXUH IRUJLQJ WLPH IULFWLRQ
WLPHDQGURWDWLRQDOVSHHG7KHSDUDPHWHUVLPSDFWLQJIULFWLRQZHOGLQJKDVEHHQGHOLEHUDWHGDQWHFHGHQWO\<LOEDVHWDO
 7KHTXDOLW\RIWKHZHOGV GHWHUPLQHGE\WKHDSSURSULDWHO\VHWRIZHOGLQJSDUDPHWHUV7KHVHOHFWLRQRIZHOGLQJ




DO  LQYHVWLJDWHG WKH HIIHFW RI IULFWLRQ WLPH RQ PHFKDQLFDO DQG PHWDOOXUJLFDO SURSHUWLHV RI IULFWLRQ ZHOGV
EHWZHHQ7L$O9DQG686 VWHHO 7KH ORQJHUIULFWLRQWLPHOHDGVWRRXWVL]HGIODVKRQWKHWLWDQLXPVLGHDQG GHQVH
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EULWWOH LQWHUPHWDOOLF SKDVHV )XML HW DO  UHSRUWHG WKDW WKH GLUHFW MRLQLQJ RI WLWDQLXP WR / VWDLQOHVV VWHHO
/66 IULFWLRQZHOGVVKRZLQJWKHLQWHUPHWDOOLFVIRUPDWLRQ LQZHOGLQWHUIDFHGXHWRWKHKLJKUDWHRIGLIIXVLRQRI
WLWDQLXPLQVWDLQOHVV VWHHODQGRI)H&UDQG1LLQWLWDQLXP 'LIIXVLRQERQGLQJRIWLWDQLXPWRDXVWHQLWLFVWDLQOHVVVWHHO
VWXGLHGE\4LQHW DO DQG UHSRUWHG WKDW WKHSUHVHQFHRIEULWWOH)H7L LQWHUPHWDOOLFSKDVHV ORZHUHGERWK WKH
WHQVLOHVWUHQJWKDQGWKHGXFWLOLW\RIWKHZHOGHGERQGV $OOWKHVHEULWWOHLQWHUPHWDOOLFSKDVHVZHDNHQWKHPHFKDQLFDO
SURSHUWLHVRIWKHZHOGV KHQFHWKHXVHRILQWHUOD\HUWHFKQLTXHKDVFRPHLQWRUHQRZQWRGHFLPDWHWKH OLPLWDWLRQV DQG
WR GHYHORS WKH PHFKDQLFDO SURSHUWLHV )ULFWLRQV ZHOGLQJ RI WLWDQLXP ZLWK DXVWHQLWLF VWDLQOHVV VWHHO DUH VWXGLHG
FRPSUHKHQVLYHO\ EDVHG RQ PHWDOOXUJLFDO IHDWXUHV DQG PHFKDQLFDO SURSHUWLHV DQG UHSRUWHG OLWHUDWXUH DUH DYDLODEOH
H[WHQVLYHO\+RZHYHUWKHMRLQLQJRIWLWDQLXPWRVWDLQOHVVVWHHOZLWKLQWHUOD\HUWHFKQLTXHLVYHU\OLPLWHG
,Q DFFRUGDQFHZLWK WKH ELQDU\ SKDVH GLDJUDPV QLFNHO ZDV FKRVHQ WR DV DQ LQWHUOD\HU PDWHULDO LQ WKLV SUHVHQW
LQYHVWLJDWLRQ 7KH REMHFWLYH RI WKH SUHVHQW ZRUN LV WR H[DPLQH WKH PHFKDQLFDO DQG PHWDOOXUJLFDO EHKDYLRU RI WKH
MRLQWVEHWZHHQWLWDQLXPDQG/DXVWHQLWLFVWDLQOHVVVWHHOZLWKQLFNHOLQWHUOD\HUXVLQJIULFWLRQZHOGLQJPHWKRG7KH
PLFURVWUXFWXUDOFKDUDFWHUL]DWLRQVRIZHOGVZHUHDQDO\]HGZLWKYDU\LQJ LQ WKHGLIIHUHQW SURFHVVSDUDPHWHUVDQGDUH
GLVFXVVHG
 0DWHULDOVDQGH[SHULPHQWDOSURFHGXUH
7KHPDWHULDOVHPSOR\HG LQWKHSUHVHQWH[SHULPHQWZHUHWLWDQLXPDQG/DXVWHQLWLFVWDLQOHVVVWHHO URGVRI OHQJWK
DQG GLDPHWHU ZHUH PDFKLQHG LQ WKH GLPHQVLRQV RI  [  PP UHVSHFWLYHO\ 7KH ;UD\ IOXRUHVFHQFH ;5)
VSHFWURVFRS\DQDO\VLV KDVPDGH WR UHVROXWH WKHHOHPHQWDODGPL[WXUHRI WKHSDUHQWPDWHULDOV DV VKRZQ LQ7DEOH
7KHEDVHPDWHULDOVZHUHWHVWHGIRUWKHDVVHVVPHQWRISK\VLFDOSURSHUWLHVDVVKRZQLQ7DEOH7KHFRQWLQXRXVGULYH
IULFWLRQZHOGLQJPHWKRGZDVXVHGWRSHUIRUPWKHIULFWLRQZHOGLQJMRLQWV $.8.$FRQWLQXRXVGULYHIULFWLRQZHOGLQJ
PDFKLQH RSHUDWHG DW D FRQVWDQW VSHHG RI  USP ZDV FRQVLGHUHG IRU MRLQLQJ H[SHULPHQWV 7KH RWKHU SULQFLSOH





WRUHPRYHWKHJUHDVH DQGHQGXULQJFRQWDPLQDWLRQV EHIRUHSHUIRUPLQJIULFWLRQZHOGLQJ 7KHZHOGVZKLFKZHUHPDGH
EHWZHHQWLWDQLXPDQG/VWDLQOHVVVWHHOZLWKQLFNHOLQWHUOD\HUE\IULFWLRQZHOGLQJSURFHVVHDFKGHIRUPUHVLVWDQFH




WKHZHOGVDWYDULRXVZHOGLQJSDUDPHWHUV $IWHUFRPSOHWLRQRIWKHZHOGLQJWKH UHVXOWHGZHOGVDUH WDNHQRXWIURPWKH
PDFKLQHDQGWHQVLOHVSHFLPHQ ZDVSUHSDUHGDVSHU$670(VWDQGDUG7KHWHQVLOHVWUHQJWK RIWKHUHVXOWHGZHOGVLV
UHFRUGHG DW ZLWK LQFUHDVH LQ IRUJLQJ SUHVVXUH DQG LQFUHDVH LQ IULFWLRQ WLPH 7KH PHWDOORJUDSKLF WHFKQLTXHV ZHUH
DSSOLHGIRUDOOWKHZHOGVPDGHE\GLIIHUHQWSURFHVVSDUDPHWHUV 7KHZHOGHGMRLQWVZHUHORQJLWXGLQDOO\VHFWLRQHGDQG
D SLHFH RI  PP OHQJWK ZDV WDNHQ IURP WKH FHQWUH RI WKH MRLQW 7KH VHFWLRQHG VDPSOHV ZHUH VXEMHFWHG WR WKH
VWDQGDUG PHWDOORJUDSKLFSURFHGXUH VXFK DVJULQGLQJ DQGSROLVKLQJ WHFKQLTXHVEHIRUH DSSO\LQJ WR WKH HWFKDQW 7KH
.UROO¶VUHDJHQWZDVXVHGWRHWFKRQWLWDQLXPVLGH6LPLODUO\WKHVWDLQOHVVVWHHOVLGHZDVHWFKHGXVLQJDQDTXDUHJLD
VROXWLRQ 6XEVHTXHQWWRHWFKLQJWKHPLFURVWUXFWXUDOVWXGLHVRIVDPSOHVZHUHH[DPLQHGE\XVLQJRSWLFDOPLFURVFRSH
DV ZHOO DV WKH XQHWFKHG VDPSOHV ZHUH DOVR H[DPLQHG XVLQJ VFDQQLQJ HOHFWURQ PLFURVFRSH 6(0 7KH FKHPLFDO
FRPSRVLWLRQ RI YDULRXV SKDVHV IRUPHG LQ WKH ZHOG LQWHUIDFH ZDV GHWHUPLQHG E\ HQHUJ\ GLVSHUVLYH ;UD\
VSHFWURVFRS\DQDO\VLV('6
0LFURKDUGQHVV YLFNHUV SURILOH KDV EHHQ WDNHQ DFURVV WKH ERWK VXEVWUDWHV DQG QLFNHO LQWHUOD\HU DV ZHOO DV
LQWHUIDFH RI WKH ZHOGZDVPHDVXUHG WR HYDOXDWH D TXDOLW\ RI WKH MRLQW E\ YDULDWLRQ LQ KDUGQHVV YDOXHV RI IULFWLRQ
ZHOGV$=ZLFNYLFNHUVKDUGQHVVWHVWHUZDVXVHGWRPHDVXUHWKHYLFNHUVKDUGQHVVYDOXHXQGHUDORDGRI J
IRU  V GXUDWLRQ IRU VWDLQOHVV VWHHO DQG  J IRU  V RQ WLWDQLXP VLGH 7HQVLOH WHVWLQJZDV FRQGXFWHG DW URRP
WHPSHUDWXUHXVLQJD FRPSXWHUSURJUDPPHGWHVWLQJPDFKLQHZLWKDFURVVKHDGYHORFLW\RIPPPLQ 7KHWHQVLOH
IUDFWXUHG VXUIDFHV ZHUH FDSWXUHG ZLWK 6(0 WR REVHUYH WKH IUDFWXUH PRUSKRORJ\ FKDUDFWHULVWLFV DQG LGHQWLI\ WKH
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IUDFWXUH ORFDWLRQ 7KH GLVSHUVLRQ RI FKHPLFDO VSHFLHV DFURVV WKH LQWHUIDFH RI ZHOGV ZDV PHDVXUHG E\ ;UD\
GLIIUDFWLRQ;5' DQDO\VLV
7DEOH &KHPLFDOFRPSRVLWLRQRIEDVHPDWHULDOVZW
0DWHULDOV 2 + & 1 1L &U 0Q 6L )H 7L
7LWDQLXP          %DODQFH
/VWDLQOHVVVWHHO         %DODQFH 
7DEOH 0HFKDQLFDOSURSHUWLHVPDWHULDOVXVHGLQWKHH[SHULPHQW
%DVHPDWHULDOV 8OWLPDWHWHQVLOHVWUHQJWK03D <LHOGVWUHQJWK03D (ORQJDWLRQ
7LWDQLXP   
/VWDLQOHVVVWHHO   
7DEOH)ULFWLRQZHOGLQJFRQGLWLRQV
)RUJLQJSUHVVXUH 03D )ULFWLRQSUHVVXUH03D )ULFWLRQWLPHV )RUJLQJWLPHV
   
 5HVXOWVDQGGLVFXVVLRQV
 0LFURVWUXFWXUDOFKDUDFWHUL]DWLRQ
7KH IRUPDWLRQ RI ZHOG IODVK DW ZHOG LQWHUIDFH VKRZLQJ FKDQJHV RI WKHLU SK\VLFDO DSSHDUDQFH RI WKH UHVXOWHG
IULFWLRQ ZHOGLQJ MRLQWV KHOG DW GLIIHUHQW IULFWLRQ WLPHV 7KH DPRXQW RI ZHOG IODVK IRU GLIIHUHQW IULFWLRQ WLPHV LV
XQV\PPHWULFDODQG LW LVREVHUYHG WKDW WKH IODVKUDQJH IRUV LVPXFKJUHDWHU WKDQ WKDW IRU VZKLOH WKHFRQVWDQW
KLJKHUIRUJLQJSUHVVXUHV 7KHZHOGIODVKPDLQO\IRUPHGDWWKHWLWDQLXPVLGH DQG WKH VWDLQOHVV VWHHO GLGQRWSDUWLFLSDWH
LQIODVKIRUPDWLRQ)URPWKHZHOGVLWLVREVHUYHGWKDWWKH UHGXFWLRQLQWHQVLOH\LHOGVWUHQJWKRIWLWDQLXPZLWKKHDWLV
PXFK PRUH QRWHZRUWK\ WKDQ WKDW RI VWDLQOHVV VWHHO HYHQ WKRXJK WKH \LHOG VWUHQJWK RI WLWDQLXP DW DWPRVSKHULF
WHPSHUDWXUHLVJUHDWHUWKDQ/VWDLQOHVVVWHHO7KH XQHWFKHGPLFURVWUXFWXUHVRIWKHWLWDQLXPWRVWDLQOHVVVWHHOZLWK
WKH GLIIHUHQFHV LQ WKLFNQHVV RI QLFNHO LQWHUOD\HU ZLWK FKDQJHV LQ IULFWLRQ WLPH DUH VKRZQ LQ )LJ 7KH JUDGXDO
GHFUHDVH LQ WKLFNQHVV RI QLFNHO LQWHUOD\HU GHVLJQDWH WKDW LQWHUOD\HU KDG GHIRUPHG WKURXJK WKH IULFWLRQ ZHOGLQJ
SURFHVVHV7KHDYHUDJHWKLFNQHVVRIWKHQLFNHOLQWHUOD\HULVGHFUHDVHGZLWKLQFUHDVHLQIULFWLRQWLPHRIIULFWLRQZHOGV




7KHPLFURVWUXFWXUHV RI FURVV VHFWLRQ RI WKH VXFFHVVIXO IULFWLRQ ZHOGV EHWZHHQ WLWDQLXP DQG VWDLQOHVV VWHHO DUH
VKRZQLQ)LJ 7KHRSWLFDOPLFURVWUXFWXUHRIIULFWLRQZHOGVSURGXFHGDWIRUJLQJSUHVVXUH 03DDQGIULFWLRQWLPH
VLV VKRZQLQ)LJD LWLVH[KLELWLQJ DILQHJUDLQPLFURVWUXFWXUHDWWKHWLWDQLXPVLGH 7KDWLQGLFDWHVWKH WLWDQLXP
GHIRUPHG WRDJUHDWHUH[WHQW GXH WR WKH IULFWLRQDO KHDWJHQHUDWLRQE\ UXEELQJ WZRPDWLQJVXUIDFHVDW WKH LQWHUIDFH
ZLWK WKH HIIHFW RI IRUJLQJ SUHVVXUH DQG IULFWLRQ WLPH 7L ZDV H[SHULHQFHG WR SODVWLF GHIRUPDWLRQ DW KLJKHU
WHPSHUDWXUHV KHQFH WKH H[LVWHG G\QDPLF UHFU\VWDOOL]DWLRQ KDG UHVXOWHG LQ ILQH HTXLD[HG JUDLQV FORVH WR WKHZHOG
LQWHUIDFH 7KHWKHUPDOFRQGXFWLYLW\RIVWDLQOHVVVWHHOLVODUJHUWKDQWKDWRIWLWDQLXPVXEVWUDWH7KXVWKHIRUPDWLRQRI
KHDW DW LQWHUIDFHE\ IULFWLRQDO HIIHFW LVPDLQO\SURGXFHGRQ WLWDQLXP VLGHEHFDXVHRI LWV ORZ WKHUPDO FRQGXFWLYLW\
WHPSHUDWXUH +RZHYHU WKHUH LV QR QRWLFHDEOH FKDQJH RI UHFU\VWDOOL]DWLRQ HIIHFW DW WKH VWDLQOHVV VLGH 7KH
PLFURVWUXFWXUDO GHIRUPDWLRQ DQG IULFWLRQDO KHDW DW WKH ZHOG LQWHUIDFHV WKDW KDV EHHQ GLVVLSDWHG WKURXJK WKH EDVH
PHWDOVKDGUHVXOWHGLQDWHPSHUDWXUHJUDGLHQWFDXVLQJPDWHULDOVIRUPHGZLWKGLIIHUHQWPLFURVWUXFWXUHV0RUHRYHU WKH
HIIHFW RI IULFWLRQ SUHVVXUH EULQJV WKH MRLQWV WR SODVWLF GHIRUPDWLRQZKLFK UHVHPEOHV G\QDPLF UHFU\VWDOOL]DWLRQ WKDW
OHDGV WR WKH JUDLQ UHILQHPHQW DWZHOGV LQWHUIDFH2]GHPLU HW DO  7KHZHOG LQWHUIDFHEHWZHHQ WLWDQLXPDQG
QLFNHO LQWHUOD\HU LV FKDUDFWHUL]HG E\ WKLQ WUDQVLWLRQ OD\HU UHYHDOHG DW WKH LQWHUIDFH UHJLRQ 7KH WUDQVLWLRQ OD\HU




URRW RI WKH IULFWLRQ WLPH LPSOLHV WKDW WKH JURZWK RI LQWHUIDFH LV FDXVHG E\ GLIIXVLRQ <LOPD] HW DO  7KH
LQWHUIDFHEHWZHHQWLWDQLXPDQGLQWHUOD\HULVLUUHJXODULQVKDSHZKHUHDVWKHLQWHUIDFHEHWZHHQLQWHUOD\HUDQGVWDLQOHVV
VWHHOLVVWUDLJKWDQGSODQQHULQQDWXUH,WLQGLFDWHVWKDWWKHLQWHUPL[LQJRIERWKVXEVWUDWHVDQGWKHPLJUDWLRQRIDWRPV




WR VWDLQOHVV VWHHO ,W LV REVHUYHG WKDW ERWK LQWHUIDFHV DUH IUHH IURP IRUPDWLRQ RI PLFUR OHYHO ZHOG FUDFNV DQG
GLVFRQWLQXLWLHV RI ERQGLQJ OLQHV 7KH 6(0 PLFURVWUXFWXUH FOHDUO\ H[KLELWV D ZLGHU UHJLRQ RI G\QDPLF
UHFU\VWDOOL]DWLRQ]RQHRQWLWDQLXPVLGHQHDUWKHZHOGLQWHUIDFH
 6(0('6DQDO\VHV
6(0HQHUJ\ GLVSHUVLYH ;UD\ DQDO\VLV LV HPSOR\HG WR LQYHVWLJDWH WKH GLIIXVLRQ RI HOHPHQWV DFURVV WKH ZHOG
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)LJ('6 VSRWVFDQDQDO\VLVRIWKHZHOGVD6(0LPDJHVKRZLQJWKHGLIIHUHQWVFDQSRLQWVE('6DQDO\VLVDWSRLQW
VSRW VFDQVSHFWUXPSRLQWDW WKH LQWHUIDFHEHWZHHQ WLWDQLXPDQGQLFNHO LQWHUOD\HU LV VKRZQ LQ)LJ D ,Q WKH
PXWXDO WUDQVLWLRQ OD\HU DW QLFNHO LQWHUOD\HU WR WLWDQLXP LQWHUIDFH WKH SUHVHQFH RI HOHPHQWDO FRPSRVLWLRQ
FKDQJHVJUDGXDOO\ IRU1LDQG7L7KHSUHVHQFHRIH[LVWHGYDOXHVRI WKHFRPSRVLWLRQRIFKHPLFDO VSHFLHVDWQLFNHO
VLGHSRLQWLV1La±DWDQG7LEDODQGFRUUHVSRQGVWR7L1L LQWHUPHWDOOLFFRPSRXQG+LQRWDQLHWDO
 DQG&KHHSXHWDO7KHSUHVHQFHRIFKHPLFDOFRPSRVLWLRQRIWKH LQWHUIDFHQHDUWRWKH WLWDQLXPVLGH
SRLQW  LV HQULFKHG ZLWK WKH 7L a± DW DQG WKH 1L EDO LV FRUUHVSRQG WR WKH IRUPDWLRQ RI 1L7L
LQWHUPHWDOOLFSKDVHV+HHWDO7KHDYHUDJHFRPSRVLWLRQRIWKH('6VSHFWUXPRISRLQWDWWKHLQWHUIDFHRI






WR IRUP DQ\ NLQG RI QLFNHO EDVH LQWHUPHWDOOLF SKDVHV WKHUHIRUH GLVUHJDUGLQJ WKH HIIHFW RI QLFNHO WKH )H&U1L
WHUQDU\ SKDVH GLDJUDP VXJJHVWV WKDW WKH SRVVLELOLW\ WR IRUPDWLRQ RI )HȜȤ 5DJKDYDQ  DQG .XQGX HW DO
7KHUHIRUHWKHIRUPDWLRQRILQWHUPHWDOOLFVHIIHFWVWKHGHJUDGDWLRQRIWHQVLOHVWUHQJWKRIWKHZHOGV
 0LFURKDUGQHVVGLVWULEXWLRQ
7KH PLFUR KDUGQHVV PHDVXUHPHQWV ZHUH PDGH DFURVV WKH ZHOGV WR LGHQWLI\ WKH PLFURVWUXFWXUDO VWUHQJWK RQ KHDW
DIIHFWHG ]RQH EDVH PHWDOV LQWHUOD\HU PDWHULDO DQG ERWK LQWHUIDFHV DUH VKRZQ LQ )LJ  7KH KDUGQHVV SURILOH
JUDGXDOO\LQFUHDVLQJIURPWKHVXEVWUDWHVWRWKHUHVSHFWLYHZHOGLQWHUIDFHV 9LUWXDOO\WKHVLPLODUWHQGHQF\RIKDUGQHVV
GLVWULEXWLRQLVLGHQWLILHGIRUWKHWZRZHOGHGPDWHULDOVDUHFRQVLGHUDEO\LQFUHDVHVLQWKHG\QDPLFFU\VWDOOL]DWLRQ]RQH





0XUDOLPRKDQ HW DO  +RZHYHU WKH LQFUHDVH LQ KDUGQHVV DW VWDLQOHVV VWHHO VLGH LV YHU\ OHVV FRPSDUHG WR
WLWDQLXP VLGH LW LV LQGLFDWLQJ WKDW WKH VWUDLQ KDUGHQLQJ HIIHFW LV OHVV DQG WKH H[WHQW RI GHIRUPDWLRQ RI OLPLWHG LQ
VWDLQOHVV VWHHO FRPSDUHG WR WLWDQLXP %DVHG RQ WKH GLVWULEXWLRQ RI KDUGQHVV SURILOH LW FDQ EH GHFODUHG WKDW WKH
KDUGQHVVYDOXHVRIWKHFRPELQDWLRQRILQWHUPHWDOOLFFRPSRXQGVZHUHQHZO\JHQHUDWHGLQWKHZHOGV KDVKLJKHUYDOXH
WKDQWKDWRIVXEVWUDWHV7KHKLJKHVWKDUGQHVVUHFRUGHGDWWLWDQLXPQLFNHOLQWHUIDFHFDQEHDWWULEXWHGWRWKHIRUPDWLRQ
RI LQWHUPHWDOOLFV RI WLWDQLXP DQG QLFNHO $OO WKH DERYH GLVFXVVHG IDFWRUV FDQ WRJHWKHU LPSDFW DQG UHVXOW LQ WKH
KDUGQHVVSURILOHPD\GLUHFWHGWKDWWKHZHOGLQWHUIDFHLVWKHZHDNHVWUHJLRQZKHQH[SHULHQFHGWRORDG7KHIRUPDWLRQ
1L7LLQWHUPHWDOOLFVDWZHOGLQWHUIDFHDUHFDXVHWRWKHGHJUDGDWLRQRIZHOGVWUHQJWKRIWKHMRLQWV






WLPH ,Q WKH SUHVHQW LQYHVWLJDWLRQ WKHPD[LPXP DYHUDJH WHQVLOH VWUHQJWK RI 03D LV H[KLELWHG E\ WKH MRLQW
SURGXFHGZLWKWKHIULFWLRQWLPHRIVDQGIRUJLQJSUHVVXUHRI03D,QWKHLQWHULPWKHWKLFNQHVVRIWKHQLFNHO
LQWHUOD\HU DIWHU WKH MRLQWZDV SURGXFHGZLWK WLWDQLXP DQG VWDLQOHVV VWHHO LV GHFUHDVHGZLWK WKH LQFUHDVH LQ IULFWLRQ
WLPH7KHWKLFNQHVVRILQWHUOD\HUDWWKHKLJKHVWWHQVLOHVWUHQJWKZDVUHVXOWHGWKDWWKHP7KHUHVXOWVRIORQJHU
IULFWLRQ WLPHV WKDW IRUPHG DQ H[FHVVLYH JHQHUDWHG KHDW DQG LW PDNHV WKH QLFNHO LQWHUOD\HU GHIRUPHG WR D ODUJHU
DFFRXQW DQG ZKLFK PDNHV WKH VXEVWUDWHV WR IRUP D ZHOGLQJ DQG LQWHUORFNLQJ ZLWK ZHOG LQWHUIDFHV +HQFH WKH
FRPSOHWLRQRIIULFWLRQZHOGLQJSURFHVVWKHWKLFNQHVVRILQWHUOD\HUPDWHULDOEHWZHHQWKHWZRVXEVWUDWHVZDVIRXQGWR
GHFUHDVHWKURXJKWKHIXUWKHUULVLQJRIIULFWLRQWLPHV6XEVHTXHQWO\WKHORZHUSHULRGRIIULFWLRQWLPHVDUHQRWDEOHWR
JHQHUDWH WKH UHTXLUHG WHPSHUDWXUH WR GLIIXVH WKH QLFNHO LQWHUOD\HU ,W FDQ FDXVH WR WKH WKLFNQHVV RI LQWHUOD\HU
EHFRPLQJWKLFNHUDQGGHWULPHQWDOWRWKHWHQVLOHVWUHQJWKRIWKHMRLQWV,WLVFOHDUO\LQGLFDWLQJWKDWWKHWHQVLOHVWUHQJWKV








7KH;5'SDWWHUQVRI WKH WHQVLOH IUDFWXUHG VXUIDFHVRI7L1L DQG1L/66 LQWHUIDFHVZHUH DQDO\]HG DQG WKH
UHVXOWV DUH GHSLFWHG LQ )LJ  7KH;5' UHVXOWV FRQILUPHG WKDW WKH IRUPDWLRQ RI QHZ LQWHUPHWDOOLF SKDVHV RQ WKH
LQWHUIDFHRIWKHWHQVLOHIUDFWXUHV7KHSHDNVIURPWKH;5'VWXGLHVDUHFRUUHVSRQGLQJWR7L1L1L7L7L1LDQGĮ7L
ZHUHGHWHFWHGRQWKHIUDFWXUHGVXUIDFHVRIWKHWLWDQLXPDQGVWDLQOHVVVWHHOVLGHVUHVSHFWLYHO\+LQRWDQLHWDO
DQG .XQGX HW DO  KDYH VWXGLHG RQ 7L±1L V\VWHP DQG UHSRUWHG WKDW WKH SRVVLEOH WR IRUP WKH UDQJH RI
LQWHUPHWDOOLFV DQG VRPH RI WKHP DUH 1L7L 1L7L 7L1L Į7L 7L7L1L 7L1L 7L1L +RZHYHU WKH
IRUPDWLRQ LQWHUPHWDOOLFVGHSHQGLQJGLIIHUHQWFRQGLWLRQVDQGIHZRI WKHPIRUPDWZRUNLQJ WHPSHUDWXUHVDUHKLJKHU








SUHVHQFH RI LQWHUPHWDOOLFV DWZHOG LQWHUIDFH UHGXFHV WKHZHOG VWUHQJWK WR EHQHDWK RULJLQDO YDOXHV )XNXPRWR HW DO
7KH;5' UHVXOWV DOVR FRQILUPHG WKDW WKH IRUPDWLRQV RI KLJKO\ EULWWOH )H±7L LQWHUPHWDOOLF FRPSRXQGV DUH
VXFFHVVIXOO\DYRLGHGE\LQWURGXFLQJWKHQLFNHOLQWHUOD\HU:KHUHDV WKHIRUPDWLRQRILQWHUPHWDOOLFVEHWZHHQQLFNHO
DQGWLWDQLXPDUHQRWDYRLGHGDQGWKHVHLQWHUPHWDOOLFVDUHSODVWLFLQQDWXUHDQGOHVVLPSDFWRQVWUHQJWKRIWKHMRLQWVDV
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VXUIDFHVLWLVREVHUYHGWKDWDWVKRUWHUIULFWLRQWLPHFRQGLWLRQVWKHIUDFWXUHGVXUIDFHVDUHUHODWLYHO\URXJKDVFRPSDUHG
WR ORQJHU ILFWLRQ WLPHV ,WFDQEHVHHQ WKDWRZHG WR WKH LQDGHTXDWHKHDWGHYHORSHGDW WKHZHOGVGXULQJ WKH MRLQLQJ
PHWKRG WKH QLFNHO LQWHUOD\HU FRQWDFWZLWK WZR FRQQHFWLQJ VXUIDFHV RI WKH VXEVWUDWHV LV LQVXIILFLHQW 6DVVDQL HW DO
 VKRZHG WKH SUHVHQFH RI LQWHUOD\HU IRLO RQ IUDFWXUH VXUIDFHV DQG UHSRUWHG WKDW WKH SRUWLRQ RI WKH LQWHUOD\HU
PDWHULDO LV GHWDFKLQJ RQ WKH VXUIDFHV RI WKH VXEVWUDWHV GXH WR GHILFLHQW SODVWLFL]DWLRQ RI PDWHULDOV $W KLJKHU
PDJQLILFDWLRQV WKH IUDFWXUH PRUSKRORJ\ UHYHDOV WKDW WKH SUHVHQFHV RI WKH UHJLRQ RI GLPSOHV DUH PLFURVFRSLF
LQGLFDWLRQRIWHQVLOHIUDFWXUHLQWKHQLFNHOLQWHUOD\HUPDWHULDOLVGHSLFWHGLQ)LJ  E7KHIUDFWXUHPRUSKRORJLHVRI
MRLQWVDV WKH IULFWLRQ WLPH LQFUHDVHVIURPV WRV WKH IUDFWXUHVXUIDFHVZHUHFKDQJLQJ LQSK\VLFDODSSHDUDQFHRI
URXJK VXUIDFH FKDUDFWHULVWLFV WR IODW ZDY\ VXUIDFHV ZKLFK UHVXOWV LQ WKH FRQVWDQW ERQGLQJ LQWHUIDFH LV DWWDLQHG









WKHMRLQWV7KHQLFNHOLQWHUOD\HUWKLFNQHVVGHFUHDVLQJZLWK DVLQFUHDVHLQIULFWLRQWLPH ± V
x 7KHKLJKHVW MRLQW VWUHQJWKRI03DZDVDFKLHYHGDW IULFWLRQ WLPHRI V7KHVWUHQJWKRI WKHZHOGV




x 7KH LQWHUIDFHEHWZHHQ7L DQG1LZDV LQGLFDWHG WKHSUHVHQFHRI KLJKHVW KDUGQHVV YDOXH DQG WKH KDUGQHVV
SURILOHJUDGXDOO\LQFUHDVLQJIURPWKHVXEVWUDWHVWRWKHUHVSHFWLYHZHOGLQWHUIDFHV
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.XQGX6*KRVK0&KDWWHUMHH65HDFWLYH'LIIXVLRQ%RQGLQJ%HWZHHQ&RPPHUFLDOO\3XUH7LWDQLXPDQG6WDLQOHVV6WHHO8VLQJ
1LFNHO,QWHUOD\HU,6,-,QWHUQDWLRQDO






0XUDOLPRKDQ&+0XWKXSDQGL 9  )ULFWLRQ:HOGLQJ RI 7\SH  6WDLQOHVV 6WHHO WR&S 7LWDQLXP XVLQJ1LFNHO ,QWHUOD\HU $GYDQFHG
0DWHULDOV5HVHDUFK











5RWKNLUFK$ /HQVHU 6  ,PDJLQJ'LIIUDFWLRQ8VLQJ0D[LP DW*+$V\ODE6SDWLDO5HVROYHG 6WUDLQ0HDVXUHPHQWV RQ/LQHDU )ULFWLRQ
:HOGHG'LVVLPLODU0DWHULDOV$$77L$O90DWHULDOV6FLHQFH)RUXP
6DVVDQL)1HHODP-5)ULFWLRQ:HOGLQJRI,QFRPSDWLEOH0DWHULDOV:HOGLQJ5HVHDUFK6XSSOHPHQW








<DQELQ&KHQ6KXKDL&KHQ/LTXQ/L ,QIOXHQFHRI ,QWHUIDFLDO5HDFWLRQ/D\HU0RUSKRORJLHVRQ&UDFN ,QLWLDWLRQ DQG3URSDJDWLRQ LQ
7L$O-RLQWE\/DVHU:HOGLQJ±%UD]LQJ0DWHULDOVDQG'HVLJQ
<LOEDV % 6 6DKLQ $ = .DKUDPDQ 1 $O*DUQL $ =  )ULFWLRQ:HOGLQJ RI 6WHHO±$O DQG $O±&X0DWHULDOV -RXUQDO RI0DWHULDOV
3URFHVVLQJ7HFKQRORJ\
<LOPD]0&RO0$FHW0,QWHUIDFH3URSHUWLHVRI$OXPLQLXP6WHHO)ULFWLRQ:HOGHG&RPSRQHQWV0DWHULDOV&KDUDFWHUL]DWLRQ

:DQJ7=KDQJ%*&KHQ*4)HQJ-&7DQJ4 (OHFWURQ%HDP:HOGLQJRI7L7LWDQLXP$OOR\WR6WDLQOHVVV6WHHOZLWK
&RSSHU,QWHUOD\HU6KHHW7UDQVDFWLRQVRI1RQIHUURXV0HWDOV6RFLHW\RIFKLQD
